The structural natures of stable analogues for the ADP-insensitive phosphoenzyme (E2P) of Ca 2؉ -ATPase formed in sarcoplasmic reticulum vesicles, i.e. the enzymes with bound beryllium fluoride (BeF⅐E2), bound aluminum fluoride (AlF⅐E2), and bound magnesium fluoride (MgF⅐E2), were explored and compared with those of actual E2P formed from P i without Ca 2؉ . Changes in trinitrophenyl-AMP fluorescence revealed that the catalytic site is strongly hydrophobic in BeF⅐E2 as in E2P but hydrophilic in MgF⅐E2 and AlF⅐E2; yet, the three cytoplasmic domains are compactly organized in these states. Thapsigargin, which was shown in the crystal structure to fix the transmembrane helices and, thus, the postulated Ca 2؉ release pathway to lumen in a closed state, largely reduced the tryptophan fluorescence in BeF⅐E2 as in E2P, but only very slightly (hence, the release pathway is likely closed without thapsigargin) in MgF⅐E2 and AlF⅐E2 as in dephosphorylated enzyme. Consistently, the completely suppressed Ca 2؉ -ATPase activity in BeF-treated vesicles was rapidly restored in the presence of ionophore A23187 but not in its absence by incubation with Ca 2؉ (over several millimolar concentrations) at pH 6, and, therefore, lumenal Ca 2؉ is accessible to reactivate the enzyme. In contrast, no or only very slow restoration was observed with vesicles treated with MgF and AlF even with A23187. BeF⅐E2 thus has the features very similar to those characteristic of the E2P ground state, although AlF⅐E2 and MgF⅐E2 most likely mimic the transition or product state for the E2P hydrolysis, during which the hydrophobic nature around the phosphorylation site is lost and the Ca Sarcoplasmic reticulum (SR) 1 Ca 2ϩ -ATPase is a representative member of P-type ion-transporting ATPases and catalyzes Ca 2ϩ transport coupled with ATP hydrolysis (Fig. 1 ) (Refs. 1 and 2 and, for recent reviews, see Refs. 3-6). In the catalytic cycle, the enzyme is activated by the binding of two Ca 2ϩ ions (E2 to Ca 2 E1, steps 1-2) and then autophosphorylated at Asp 351 by MgATP to form ADP-sensitive phosphoenzyme (E1P, steps 3-4). The subsequent isomeric transition to the ADPinsensitive form (E2P) will result in a reduction in affinity, a change in orientation of the Ca 2ϩ binding sites, and Ca 2ϩ release into lumen (steps 5-6). Finally, hydrolysis takes place and returns the enzyme into an unphosphorylated and Ca 2ϩ -unbound form (E2, steps 7-8). E2P can also be formed from P i in the presence of Mg 2ϩ and the absence of Ca 2ϩ by reversal of its hydrolysis, and the subsequent addition of high concentrations of Ca 2ϩ (from the lumenal side) can readily reverse the Ca 2ϩ release and EP isomerization steps and generate ATP when ADP is added further (7).
Sarcoplasmic reticulum (SR) 1 Ca 2ϩ -ATPase is a representative member of P-type ion-transporting ATPases and catalyzes Ca 2ϩ transport coupled with ATP hydrolysis ( Fig. 1 ) (Refs. 1 and 2 and, for recent reviews, see Refs. [3] [4] [5] [6] . In the catalytic cycle, the enzyme is activated by the binding of two Ca 2ϩ ions (E2 to Ca 2 E1, steps 1-2) and then autophosphorylated at Asp 351 by MgATP to form ADP-sensitive phosphoenzyme (E1P, steps [3] [4] . The subsequent isomeric transition to the ADPinsensitive form (E2P) will result in a reduction in affinity, a change in orientation of the Ca 2ϩ binding sites, and Ca 2ϩ release into lumen (steps 5-6). Finally, hydrolysis takes place and returns the enzyme into an unphosphorylated and Ca 2ϩ -unbound form (E2, steps [7] [8] . E2P can also be formed from P i in the presence of Mg 2ϩ and the absence of Ca 2ϩ by reversal of its hydrolysis, and the subsequent addition of high concentrations of Ca 2ϩ (from the lumenal side) can readily reverse the Ca 2ϩ release and EP isomerization steps and generate ATP when ADP is added further (7) .
The enzyme has three cytoplasmic domains (N, P, and A), which are widely separated in the Ca 2ϩ -bound crystal structure (E1Ca 2ϩ ) and associated in the Ca 2ϩ -unbound and thapsigargin (TG)-bound structure, E2(TG) (8, 9) . We indicated previously (10 -14) that a large rotation of the A domain (by ϳ90°) and its strong association with the P and N domains most likely occur during the E1P to E2P transition and the Ca 2ϩ release in E2P that has the most compactly organized single headpiece and the hydrophobic atmosphere (5, 7, (15) (16) (17) around the phosphorylation site. Our results further suggested that the stabilization energy provided by intimate contacts between the three domains in E2P will provide energy for moving transmembrane helices to open the Ca 2ϩ release pathway to lumen and thus release the bound Ca 2ϩ ions. During the subsequent E2P hydrolysis to E2, the compactly organized state of cytoplasmic domains becomes more relaxed (10, 11) , and the postulated Ca 2ϩ release pathway (the area surrounded by M3-M5 (8) ) and lumenal gate (formed with contribution of lumenal loop connecting M7-M8 (L78) (18) and possibly by its interaction with L34 (9)) should be closed to prevent possible Ca 2ϩ leakage and prepare for the entry of new Ca 2ϩ from the cytoplasmic side to the transport sites (9) . In the crystal structure of E2 fixed with TG, the postulated lumenal gate and pathway are, in fact, closed (9) .
For further understanding of the Ca 2ϩ transport mechanism, E2P is hence a key intermediate, as its structure will likely provide essential information to reveal the conformational events that occur for the Ca 2ϩ release and, possibly, the closing of the release pathway and gate. The stable analogues of E2P (or the transition state analogues of its hydrolysis), i.e. the enzymes with bound beryllium and fluoride (BeF⅐E2) (19) , bound magnesium and fluoride (MgF⅐E2) (20 -25) , and bound aluminum and fluoride (AlF⅐E2) (26) , seem to be most useful in the structural studies, because the produced phosphate analogues BeF x , MgF x , and AlF x are bound to the phosphorylation site and remarkably stabilize the respective enzyme complexes formed without Ca 2ϩ . Although extensive studies on the formation and characterization of these E2P analogues had been done, they have never been explored through systematic comparison with each other and with the actual E2P or E2 in respect to the structural natures of the catalytic site in cytoplasmic domains and the Ca 2ϩ transport pathway in transmembrane and lumenal domains.
For a fruitful approach with the use of these analogues to reveal the structural events that occur for the Ca 2ϩ release and the subsequent E2P hydrolysis, it is therefore necessary to clarify the structural natures of these analogues, determine possible similarities and differences, and further compare them with those of actual E2P and E2 in order to assign each of these analogues to the enzyme states in the Ca 2ϩ -release and E2P-hydrolysis processes. In this study, we found that BeF⅐E2 is very similar to E2P (the state immediately after the Ca 2ϩ release) with respect to the catalytic site being strongly hydrophobic and the transport pathway still being accessible for lumenal Ca 2ϩ . In contrast, AlF⅐E2 and MgF⅐E2 have already lost both of these properties and probably mimic the transition state and product state of E2P hydrolysis, respectively. BeF⅐E2, AlF⅐E2, and MgF⅐E2, with their distinct properties, will therefore likely provide distinct snapshots to reveal structural events in E2P from the Ca 2ϩ -released ground state to its hydrolyzed product state.
EXPERIMENTAL PROCEDURES

Preparation of SR Vesicles and Treatment with BeF, MgF, AlF, and
Orthovanadate-SR vesicles were prepared from rabbit skeletal muscle as described previously (27) . The content of the phosphorylation site determined with 32 P i according to Barrabin et al. (28) was 5 Ϯ 0.2 nmol/mg vesicle protein (n ϭ 6). The Ca 2ϩ -dependent ATPase activity determined at 25°C in a mixture containing 5 g/ml microsomal protein, 1 mM ATP, 1 M A23187, 7 mM MgCl 2 , 100 mM KCl, 50 mM MOPS/Tris (pH 7.0), and 0.55 mM CaCl 2 with 0.5 mM EGTA (or 2 mM EGTA without added CaCl 2 ) was 2.51 Ϯ 0.05 mol/min/mg vesicle protein (n ϭ 3). SR vesicles (1 mg/ml) were treated with Be 2ϩ and F (26) , which was demonstrated to be the analogue of Ca 2 E1P (and Ca 2 E1PADP in the presence of ADP) on the basis of the observed perfect resistance against proteinase K but rapid tryptic cleavage at the T2 site (Arg 198 ) (11) . However, in the present study, the enzyme complex is formed without Ca 2ϩ and, thus, is the analogue of E2P, as is clearly shown by the complete resistance against both proteinase K and trypsin at T2 site (see Table I ). The suspensions of vesicles were incubated at 25°C for 4 h (BeF and MgF treatments) or 1.5 h (AlF-treatment) to achieve the full tight binding of the respective phosphate analogues at all of the phosphorylation sites in the vesicles. Unbound F Ϫ , Be 2ϩ , Al 3ϩ , and Mg 2ϩ were removed by centrifugation for 5 min at 0°C and 541,000 ϫ g (100,000 rpm with Hitachi HIMAC-CS100FX) as described previously (24) . The Ca 2ϩ -ATPase activity was completely suppressed by these treatments but entirely restored upon removal of the tightly bound phosphate analogues by the incubation of the vesicles with Ca 2ϩ at 25°C for 50 min in 20 mM CaCl 2 , 100 mM KCl, 7 mM MgCl 2 , and 50 mM MOPS/Tris (pH 7.0). SR vesicles (0.45 mg/ml for proteolysis experiments or 0.06 mg/ml for fluorescence measurements) were treated with 50 M orthovanadate (V i ) and 10 mM MgCl 2 in 2 mM EGTA, 50 mM LiCl, and 50 mM MES/Tris (pH 6.0) at 25°C for 60 min, and the vesicles were used in the experiments without washing. It should be mentioned that the vesicles treated with the P i analogues (BeF, AlF, MgF, and V i ) showed no apparent change in the suspended state (i.e. no aggregation) after the treatment and that these treated vesicles, as well as the non-treated control vesicles, were all pelleted by the above centrifugation at 541,000 ϫ g for 5 min (virtually no protein remained in the supernatant).
Fluorescence Measurements-The steady-state intensity of TNP-AMP fluorescence and that of the intrinsic tryptophan fluorescence of Ca 2ϩ -ATPase were measured on a RF-5000 spectrofluorometer (Shimadzu, Kyoto, Japan) at 25°C with the excitation and emission wavelengths 408 and 540 nm (TNP-AMP fluorescence) or 290 and 338.4 nm (tryptophan fluorescence) as described previously (27) .
Proteolysis-SR vesicles (0.45 mg/ml) were digested at 25°C with proteinase K (0.05 mg/ml) or trypsin (0.1 mg/ml) as described previously (10, 11) in a buffer containing 50 mM LiCl, 2 mM EGTA, and 50 mM MES/Tris (pH 6). When possible effects of TG or K ϩ on the digestion rate were examined, 4 M TG or 100 mM KCl (in place of LiCl) was included in the above buffer. The digested samples were subjected to Laemmli SDS-polyacrylamide gel electrophoresis (29) , and the densitometric analyses of the gels stained with Coomassie Brilliant Blue R-250 were performed as described previously (10, 11) . The rate constant for the degradation of a 110-kDa ATPase chain by proteinase K and that for the cleavage at T2 site (Arg 198 ) by trypsin were obtained from the time courses (0 -60 min) by least squares fit as described (11) .
Miscellaneous-Proteinase K and trypsin (L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated) were obtained from Sigma. TNP-AMP was synthesized according to Hiratsuka (30) . Orthovanadate was prepared according to Varga et al. (31) . Protein concentrations were determined by the method of Lowry et al. (32) with bovine serum albumin as a standard. P i liberated in the ATPase reaction was determined by the method of Youngburg and Youngburg (33) . Data were analyzed by nonlinear regression using the program Origin (Microcal Software, Inc., Northampton, MA).
RESULTS
Hydrophobic Nature of Catalytic Site and Cytoplasmic Domain Organization-Upon formation of E2P from P i in the reverse reaction of its hydrolysis or from ATP in the forward reaction, the atmosphere around the phosphorylation site becomes strongly hydrophobic (15) (16) (17) so that a specific water molecule can attack and hydrolyze the acylphosphate bond. To assess such a nature, the fluorescence of TNP-nucleotide bound to the catalytic site was shown to be very useful as a measure of hydrophobicity (16, 34 -36) . As shown in Fig. 2 and summarized in Table I and absence of Ca 2ϩ , and, thus, the result is in complete agreement with the previous observations. 2 The addition of P i to the enzyme in the absence of Mg 2ϩ to form the E2⅐P i complex (but not the covalently bound E2P intermediate) showed almost no increase in the fluorescence as in E2 (data not shown). We then applied this approach to the E2P analogues and compared their fluorescence levels. When TNP-AMP was bound to BeF⅐E2, the fluorescence increased to an extremely high level, which is even higher by ϳ1.4 times than that with E2P formed from P i . This higher level actually agrees with the fact that only partial phosphorylation (70% under the present conditions) of the full phosphorylation is achieved in the equilibrium between E2P and E2 (E2⅐P i complex) and that the phosphorylation sites are all occupied with BeF in the BeF-treated vesicles, as revealed by the complete suppression of ATPase activity. Therefore, the catalytic site around the phosphorylation site with bound BeF is strongly hydrophobic as in E2P. In contrast, almost no or only extremely low fluorescence was developed when TNP-AMP at saturating concentrations was bound to MgF⅐E2 and AlF⅐E2 as well as to E2. The enzyme with bound orthovanadate in the presence of Mg 2ϩ (V i ⅐E2), also known as a transition state analogue for E2P hydrolysis (37-39), showed very low fluorescence development. It should be noted that, despite these extremely low fluorescence developments with MgF⅐E2, AlF⅐E2, and V i ⅐E2 as well as with E2, their TNP-AMP concentration dependences definitely showed the saturation profile (see the lower panel of Fig. 2 ). The profile further revealed that the TNP-AMP concentrations to give the half-maximal fluorescence development are 0.2-0.3 M for all MgF⅐E2, AlF⅐E2, V i ⅐E2, and E2 as well as for the superfluorescent BeF⅐E2 and E2P, therefore indicating that TNP-AMP is bound to all of these E2P analogues, E2P, and E2, with almost equally high affinity. Thus, the catalytic site in MgF⅐E2, AlF⅐E2, and V i ⅐E2 are hydrophilic as in E2 and the E2⅐P i complex, in contrast to the strongly hydrophobic BeF⅐E2 and E2P.
TG at a saturating concentration did not much affect the superfluorescent state of TNP-AMP bound to BeF⅐E2 (Table I) . Therefore the conformation of catalytic site fixed by the tight binding of BeF is resistant to TG bound at the transmembrane domain. The superfluorescent state in BeF⅐E2 was also resistant to K ϩ even at a high concentration (100 mM), which is known to strongly accelerate the E2P hydrolysis (40) . On the other hand, the superfluorescence of bound TNP-AMP in E2P at saturating concentrations is diminished or strongly reduced very rapidly by TG and K ϩ . The results are consistent with the known fact that the E2P level is completely or strongly reduced by these ligands (data not shown and see the previous observations; Refs. 40 -43) .
It should be noted that the cytoplasmic A, P, and N domains in BeF⅐E2, MgF⅐E2, AlF⅐E2, and V i ⅐E2 as well as in E2P are very compactly organized, as demonstrated by the perfect resistance against proteinase K and trypsin at the T2 site (Arg 198 ) (Table I) . Thus, the remarkable difference in the hydrophobicity in these E2P analogues is most likely due to a difference in the microenvironment around the bound BeF, MgF, AlF, and V i in the catalytic site in the compactly organized state of the three domains.
Changes in Intrinsic Tryptophan Fluorescence by Thapsigargin-As shown with the crystal structure E2(TG) (9) , TG binds tightly on the transmembrane helices and fixes the enzyme in the E2 state in which the postulated Ca 2ϩ release pathway and the gate to the lumen are in a closed state. In E2P, however, the pathway and gate must be in the open state to release the bound Ca 2ϩ into the lumen, and, actually, it is known that Ca 2ϩ (if added at very high concentrations (ϳ mM range)) can readily access (from the lumenal side) the transport sites in E2P and reverse the transport process. Hence, it is likely that, after the Ca 2ϩ release from E2P and during its hydrolysis to E2, the transmembrane and lumenal domains undergo conformational changes from the open to closed state and that such a change must also be critical in the transport cycle to prevent possible Ca 2ϩ leakage and also to prepare for the opening of the entry pathway to accept new Ca 2ϩ at the transport sites from the cytoplasmic side in subsequent steps 1 and 2.
To examine whether the postulated release pathway and gate are in the open or closed state in the E2P analogues, we first studied possible effects of TG on the intrinsic tryptophan fluorescence. This is because the tight binding of TG on the transmembrane helices will likely rearrange (if they are in the open state in the absence of TG) into the closed state and Table I . The TNP-AMP concentrations to give half-maximal fluorescence increase with BeF⅐E2, MgF⅐E2, AlF⅐E2, V i ⅐E2, E2, and E2P are all 0.2-0.3 M (despite the remarkably different maximal change). The effect of TG at a saturating concentration (1 M) and that of K ϩ (100 mM) were determined by adding 2.4 l of 1 mM TG dissolved in Me 2 SO or 100 l of 2.5 M KCl to 2.4 ml of the above suspension in the presence of the saturating 2 M TNP-AMP, and the fluorescence intensities after these additions (obtained by subtracting the intensity without vesicles) are given in Table I .
ADP-insensitive Phosphoenzyme Analogues of SR Ca 2ϩ
-ATPasebecause changes in the tryptophan fluorescence actually monitor conformational changes occurring in the transmembrane domain (as previously demonstrated by the use of lipophilic quenching reagents (27, 44 -46) ; in fact, all of the tryptophan residues (except one among 13) are located within or at the close vicinity of the transmembrane domain (8, 9, 47) ). The typical traces of the TG-induced fluorescence change at pH 6 were shown in Fig. 3 , and the extent of the change ascribed to the TG-induced conformational change was obtained with all the E2P analogues by subtracting the extent of fluorescence quenching by TG (possibly due to its direct interaction with the fluorophore and/or absorption of light), and compared with those in E2P and E2 in Table I . Being consistent with the above view that the Ca 2ϩ release pathway and gate are already closed in E2 but open in E2P, the addition of TG at a saturating concentration induced only a very small change in the tryptophan fluorescence in E2 but induced a large drop when added to E2P formed from P i ( Table I ). The large difference between E2 and E2P almost agrees with the difference in the tryptophan fluorescence levels of E2P and E2 before the TG addition and, thus, is consistent with the fact that the TG binding will cause almost complete hydrolysis of E2P (open state) to E2 (closed state). 3 The E2⅐P i complex formed in the absence of Mg 2ϩ exhibited only a very small TG-induced change, as in E2 (data not shown).
When TG was added to BeF⅐E2, the tryptophan fluorescence largely dropped, and its extent was as large as that in E2P formed with P i (more precisely, the extent with BeF⅐E2 may be slightly smaller than the actual extent with E2P on the basis of the partial phosphorylation of the phosphorylation sites under the equilibrium conditions). In contrast, the TG-induced change was only very small in MgF⅐E2, AlF⅐E2, and V i ⅐E2, as in E2 (or even smaller). The results strongly suggest that the Ca 2ϩ release pathway and gate are likely in the open state in BeF⅐E2, as in E2P, but in the closed state in MgF⅐E2, AlF⅐E2, and V i ⅐E2, as in E2. It should be noted that the binding of TG is extremely tight (48) and, therefore, likely induces a rearrangement in the transmembrane helices in BeF⅐E2 without a change in the BeF-fixed conformation of the catalytic site and the compactly organized state of the three cytoplasmic domains as shown above (see Table I ; TNP-AMP superfluorescence and complete resistance against proteolysis in the absence and presence of TG).
The extent of a TG-induced fluorescence drop in BeF⅐E2 (large) and in MgF⅐E2, AlF⅐E2 and V i ⅐E2 (only small) was not altered with the pH change from 6 to 8 (Fig. 4) . Thus, the possible protonation/deprotonation of the Ca 2ϩ ligands in the transport sites in these enzyme complexes seem not to modify the open (BeF⅐E2) and closed (MgF⅐E2, AlF⅐E2, and V i ⅐E2) states of the transmembrane and lumenal domains. On the other hand, in the enzyme without bound phosphate analogues (mostly in E2 state at pH 6), the extent of the TG- induced FIG. 3 . TG-induced tryptophan fluorescence change. The measurement of tryptophan fluorescence intensity was started with 2.4 ml of a mixture containing SR vesicles (0.06 mg/ml), 2 mM EGTA, 50 mM LiCl, and 20 mM MES/Tris (pH 6.0), and 2.4 l of 1 mM TG was added as indicated, otherwise as described under "Experimental Procedures." The typical traces of fluorescence intensity obtained with BeF⅐E2, MgF⅐E2, and E2P formed in the presence of 20 mM P i and 10 mM MgCl 2 were shown. After the first addition of saturating TG, TG was further added repeatedly as above to assess the extent of fluorescence quenching by TG (as TG is known to quench the tryptophan fluorescence, possibly by its direct contact with fluorophore). The extents of quenching in the second to fifth TG addition were the same, and, therefore, only the second addition of TG was shown in each trace. The extent of the TG-induced fluorescence drop ascribed to the TG-induced conformational change of the Ca 2ϩ -ATPase was obtained by subtracting the extent of TG-induced quenching and given in Table I as a percentage of the fluorescence intensity before the first addition of the saturating TG.
TABLE I Summary of fluorescence changes and proteolysis rates
The fluorescence intensity of TNP-AMP bound to the Ca 2ϩ -ATPase was obtained in Fig. 2 , and its maximal intensity at the saturating concentration of TNP-AMP is given with the unit shown in Fig. 2 . The two numbers in parenthesis in the column are the fluorescence intensities of bound TNP-AMP in the presence of the saturating TG (first one) or 100 mM K ϩ (second one), obtained as described in the legend to Fig. 2 . The TG-induced tryptophan fluorescence drop ascribed to the TG-induced conformational change of the Ca 2ϩ -ATPase was obtained at pH 6 as described in Fig. 3 and given as a percentage of the fluorescence intensity before the addition of TG. The proteolysis experiments were performed as described under "Experimental Procedures." The rate constant for the digestion of a 110-kDa ATPase chain with proteinase K and that for the cleavage at the T2 site (Arg 198 ) with trypsin are shown in the fourth and fifth column as a percentage of those obtained with the control vesicles (E2) in which the rate constants (h Ϫ1 ) were 4.6 (proteinase K) and 13.9 (trypsin). The number in parenthesis is the value obtained in the presence of the saturating TG. (60) a Arbitrary units. b Note that the enzyme complex with AlF formed without Ca 2ϩ in this study is the analogue of E2P, which is perfectly resistant to both proteinase K and trypsin at T2 site, but the complexes formed with AlF in the presence of Ca 2ϩ in our previous study (11) are the analogues of Ca 2 E1P and Ca 2 E1PADP (when ADP is present), which are completely resistant to proteinase K but rapidly cleaved at tryptic T2 site (see Table IV in Ref. 11 , and see also "Experimental Procedures").
ADP-insensitive Phosphoenzyme Analogues of SR Ca 2ϩ -ATPase
fluorescence drop largely increased with the pH increase. This observation is consistent with the notion that the binding of counter protons to the Ca 2ϩ ligands turns the lumenal pathway and gate to their closed states (and prepares for the entry of new Ca 2ϩ from the cytoplasmic side), as the situation is predicted to be more efficient for the Ca 2ϩ transport (rather than the open-E2/closed-E1 model) on the basis of the crystal structures (9). It may also be possible that the increase in the extent of a TG-induced drop is possibly or partly due to the postulated increase in the fraction of the E1 state in the E2-E1 equilibrium on the pH increase (49) . In this case, deprotonation of the Ca 2ϩ -ligands likely favors the E1 state. It should be noted that, with the enzyme in the presence of P i and Mg 2ϩ without Ca 2ϩ (mostly E2P at pH 6), the pH increase did not much affect the extent of TG-induced fluorescence drop despite the expected increase in the dephosphorylated fraction in the equilibrium (7, 15) . It may be possible that the likely decrease in the extent of fluorescence drop with the decrease in E2P fraction was compensated by the increase in the extent of TG-induced fluorescence drop in the unphosphorylated state.
Ca 2ϩ -induced Restoration of ATPase Activity-We then examined the lumenal Ca 2ϩ accessibility with a different approach, i.e. the Ca 2ϩ -induced restoration of Ca 2ϩ -ATPase activity. Previously, it was shown (19, (21) (22) (23) (24) (25) that the activities of the BeF-treated vesicles and the MgF-treated vesicles were fully restored from their completely suppressed level upon the release of tightly bound BeF and MgF by the incubation with high concentrations of Ca 2ϩ . Although the activity restorations in both cases were previously ascribed to the Ca 2ϩ binding at low affinity sites, i.e. the Ca 2ϩ binding at transport sites from lumenal side, it is very likely that the fundamental difference in the Ca 2ϩ accessibility in these E2P analogues had totally been overlooked because of the strongly favored Ca 2ϩ -induced release of the tightly bound phosphate analogues under the extreme conditions employed in which the Ca 2ϩ affinity of the transport sites is high and Ca 2ϩ at high concentrations can possibly diffuse into SR vesicles during the incubation periods.
In the experiments in Fig. 5 , we therefore examined the Ca 2ϩ -induced restoration of activity under more refined and milder conditions and systematically compared BeF⅐E2, MgF⅐E2, and also AlF⅐E2 to find possible fundamental differences and similarities. 4 In Fig. 5 , A-C, the BeF-treated, MgF-treated, and AlFtreated SR vesicles were incubated with various concentrations of Ca 2ϩ in the presence and absence of ionophore A23187 at pH 6 and 25°C, and then the Ca 2ϩ -ATPase activity was determined. The actual time courses of the activity restoration were shown in Fig. 5, A and B , and the activities restored with the 20-min Ca 2ϩ incubation were replotted versus Ca 2ϩ concentration in Fig. 5C . With the BeF-treated vesicles, the activity was rapidly and fully restored when both Ca 2ϩ (at high concentrations over several millimolar levels) and A23187 were present, but it was only very slowly restored when A23187 was absent. In contrast, the activities of MgF-treated vesicles and the AlFtreated vesicles were not restored even with 20 mM Ca 2ϩ and A23187 at this pH. The same set of experiments was performed at pH 7 in which the Ca 2ϩ affinity of the transport sites is much higher, and the activities restored with the 1-and 3-min Ca 2ϩ treatments were plotted in Fig. 5D . At this higher pH, the Ca 2ϩ -induced restoration in the BeF-treated vesicles in the presence of A23187 occurred with much faster rates and lower Ca 2ϩ concentrations. The restoration of activity was observed even with the MgF-treated vesicles and AlF-treated vesicles, but, as compared with the BeF-treated vesicles, it required much higher Ca 2ϩ concentrations (by about one order of magnitude) and was much slower equally in the MgF-treated and AlF-treated vesicles. In all of the BeF-treated, MgF-treated, and AlF-treated vesicles, the restoration in the absence of A23187 was much slower than in its presence.
These observations indicate that lumenal Ca 2ϩ ions are easily accessible to the Ca 2ϩ transport sites in BeF⅐E2 but that the Ca 2ϩ access is much more limited in MgF⅐E2 and AlF⅐E2 and, hence, the results are in agreement with the conclusion obtained above with the TG-induced changes in tryptophan fluorescence, i.e. the postulated Ca 2ϩ release pathway and gate are in the open state in BeF⅐E2 but in the closed state in MgF⅐E2 and AlF⅐E2. It should be noted that the much stronger effects of lumenal Ca 2ϩ observed at pH 7 than at pH 6 in reactivating the enzyme in these E2P analogues may be due to the higher Ca 2ϩ 4 With V i ⅐E2 complexes, it was previously shown at pH 6.8 or 7 (66 -69) that the lumenal Ca 2ϩ at high concentrations accelerates release of bound V i , implying that the lumenal gate is open, at least partially, a conclusion clearly different from the one proposed in the present study. To reveal how readily the lumenal Ca 2ϩ is accessible and, thus, how far the lumenal gate is open or closed in the V i -bound state, we wanted to also compare systematically the Ca 2ϩ -induced restoration of the activity of V i ⅐E2 with those of the other E2P analogues. However, such experiments were not possible to perform with V i ⅐E2, because when the V i -treated vesicles were centrifuged without Ca 2ϩ for 5 min at 0°C and 541,000 ϫ g (100,000 rpm with Hitachi HIMAC-CS100FX), and quickly resuspended at 0 -4°C in a V i -free solution without Ca 2ϩ to remove unbound V i (to avoid the apparent competition between V i and Ca 2ϩ ), the Ca 2ϩ -ATPase activity in the washed vesicles had already been completely restored to the level before the V i -treatment despite the absence of Ca 2ϩ throughout the above quick handling, and, also, the enzyme had not been anymore resistant to the proteases and, thus, was rapidly digested as in the E2 state (indicating (relatively rapid) equilibrium of V i binding in contrast to the essentially irreversible tight binding of BeF, MgF, and AlF (if Ca 2ϩ is absent)). Actually, these results are in complete agreement with the previous observation (31) that the bound V i was almost completely released despite the absence of Ca 2ϩ when washed by centrifugation to remove free V i . On the previously observed lumenal Ca 2ϩ -accelerated release of bound V i (66 -69), nevertheless we consider (besides the previously described (at least partially) opened lumenal gate) that the Ca 2ϩ access might be associated with possible thermal motions in the transmembrane/lumenal domains in V i ⅐E2 in addition to the other possible factor, i.e. the high Ca 2ϩ affinity at the pH, as was also discussed for the observed Ca 2ϩ -induced restoration of the Ca 2ϩ -ATPase activity with AlF⅐E2 and MgF⅐E2 at pH 7 in Fig. 5D (see the second paragraph from the end of "Results"). 
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-ATPaseaffinity acquired with deprotonation of the Ca 2ϩ ligands, but the pH change seems not to affect the open/closed states in these E2P analogues as shown in the pH-insensitive TG-induced changes in tryptophan fluorescence (see Fig. 4 ). The observed activity restoration in the MgF-treated vesicles and AlF-treated vesicles may be due to possible thermal motions of transmembrane helices and lumenal loops (though limited), in addition to the high Ca 2ϩ affinity acquired at the higher pH to accept lumenal Ca 2ϩ .
In a separate set of experiments, we observed that the activities in all the BeF-treated vesicles, MgF-treated vesicles, and AlF-treated vesicles were at the completely suppressed level for at least 30 days when these vesicles were incubated in the absence of Ca 2ϩ (in a mixture containing 4.5 mg/ml vesicles, 50 mM MES/Tris (pH 6), 50 mM LiCl (or KCl), 2 mM EGTA, and 5 M A23187 at 4°C) and, further, that the activities in these vesicles were fully restored even after this 30-days incubation upon the 60-min Ca 2ϩ treatment (20 mM Ca 2ϩ at pH 7 and 
-ATPase25°C) (data not shown). Thus, the enzyme complex BeF⅐E2 is extremely stable in the absence of Ca 2ϩ , as are the complexes MgF⅐E2 and AlF⅐E2. The remarkable stability of these complexes is in contrast to the observed rapid loss of the activity (denaturation) of the free enzyme within ϳ4 days in the control vesicles (data not shown).
DISCUSSION
Close Similarities and Differences between E2P Analogues and E2P, and Implication for the Processes of Ca
2ϩ Release and E2P Hydrolysis-The present study explored and compared the structural natures of the E2P analogues BeF⅐E2, MgF⅐E2, AlF⅐E2, V i ⅐E2, and actual E2P and E2. We found that BeF⅐E2 possesses the features very similar to those characteristic of E2P with respect to the strongly hydrophobic nature of the catalytic site (in which a specific water molecule can attack the acylphosphate bond) and, also, to the transmembrane/lumenal domains being in the accessible state for lumenal Ca 2ϩ . In contrast, MgF⅐E2, AlF⅐E2, and V i ⅐E2 are very different from BeF⅐E2, possessing the catalytic site in which the hydrophobic nature is already lost and the transmembrane/lumenal domains in which the lumenal Ca 2ϩ accessibility is strongly limited and, thus, the postulated Ca 2ϩ -release pathway and gate are most likely in the closed state. These close similarities and differences indicate that BeF⅐E2 is the ground state analogue of the E2P intermediate (the state immediately after the Ca 2ϩ release), whereas AlF⅐E2, V i ⅐E2, and MgF⅐E2 rather mimic the transition to product states in the E2P hydrolysis. The loss of hydrophobic nature at the catalytic site is consistent with its conformational change, in this case, from the closed to more open conformation.
The crystallographic studies on phosphotransferases (including the members of the haloacid dehalogenase (HAD) superfamily to which P-type ATPases belong (50 -53) and the bacterial response regulators that possess the conformation at the phosphorylation site highly homologous to that of HAD superfamily) revealed that beryllium with fluoride bound at the catalytic sites is actually the BeF 3 Ϫ compound (52-55) that adopts a tetrahedral geometry with the fourth coordination, for example, from the oxygen atom of an essential aspartate (phosphorylation site), and, thus, is superimposable with the geometry of covalently bound phosphate at the aspartate (52, 53) . Hence, on the basis of the structural knowledge, the BeF-bound state most likely mimics the ground state of the phosphorylated intermediate, E2P, in the case of Ca 2ϩ -ATPase. Aluminum with fluoride bound to the enzymes was shown to be either AlF 3 or AlF 4 Ϫ compound (53, (55) (56) (57) , and their formation also depends on pH in the incubation medium (56) . The structural studies further revealed that both AlF 3 and AlF 4 Ϫ possess the planar (trigonal (AlF 3 ) and square (AlF 4 Ϫ )) geometry, in which two oxygen atoms coordinate to the aluminum at apical positions, for example, from the hydrolytic water molecule and the specific aspartate to produce the state superimposable (AlF 3 ) or analogous (AlF 4 Ϫ ) to the trigonal bipyramidal structure of the penta-coordinated phosphorus in the transition state of in-line associative acylphosphate hydrolysis mechanism, which was also predicted for the Ca 2ϩ -ATPase (58). Troullier et al. suggested (26) that AlF 4 Ϫ is the likely form bound to the Ca 2ϩ -ATPase under their conditions. On the other hand, AlF 3 was the form bound to the phosphorylation site of the phosphoserine phosphatase, a member of the HAD superfamily (53) . The bound orthovanadate possesses the pentacoordinated trigonal bipyramidal structure (see Ref. 59) and, thus, is most likely analogous to the transition state in the in-line associative mechanism of the acylphosphate hydrolysis.
Magnesium with fluoride bound at the catalytic site of the Ca 2ϩ -ATPase was described very recently to be MgF 4 2Ϫ (60), of which tetrahedral geometry is superimposable to the non-covalently bound P i and, therefore, most likely represents the product state of the E2P hydrolysis 5 (E2P i complex in Fig. 1 ) as formed with P i in the structural study of phosphoserine phosphatase (53 2Ϫ (the oxygen atom can not substitute the fluoride).
Our above conclusions, derived in this study for the assignments and implications of BeF⅐E2, AlF⅐E2, V i ⅐E2, and MgF⅐E2 of the Ca 2ϩ -ATPase, are therefore in complete agreement with the knowledge of the geometry of the respective bound phosphate analogues. Hence, the change in the geometry of phosphate bound to Asp 351 in E2P from the covalently bound tetrahedral ground state (mimicked in BeF⅐E2) to the trigonal bipyramidal transition state (AlF⅐E2 and V i ⅐E2) and, further, to the non-covalently bound tetrahedral product state (MgF⅐E2) during hydrolysis, likely causes the change in the catalytic site from the strongly hydrophobic (closed) to hydrophilic (open) conformation and the concomitant rearrangement in the transmembrane helices, in this case, from the open to closed state of the postulated Ca 2ϩ -release pathway and gate. The results obtained with AlF⅐E2 and V i ⅐E2 strongly suggest that these changes in the nature of the catalytic and transport sites are associated with the process from the ground state to the transition state.
The catalytic site of phosphoserine phosphatase was predicted in the crystallographic studies (52, 53) . 61) ). Furthermore in the Ca 2ϩ -ATPase, the A domain, which is not present in the phosphoserine phosphatase, is also involved in the formation of the catalytic site in E2P by its gathering with the P and N domains upon the E1P to E2P transition (10 -14, 62) . The TGES 184 outermost loop on the A domain was, in fact, predicted to be essentially involved (4, (62) (63) (64) . It is likely that the interactions between the three cytoplasmic domains are somewhat rearranged (yet in a compactly organized state) upon the change from the tetrahedral ground state to the trigonal bipyramidal transition state and, thus, upon the associated possible rearrangements in coordination of the bound phosphate during the E2P hydrolysis and, further, it is likely that such changes rearrange the connected transmembrane helices so as to close the postulated Ca 2ϩ release pathway and gate. These conformational changes may be small but essential for the transport cycle and also could be the initial events in the process from the most compactly organized (E2P) to more relaxed (E2) state in the cytoplasmic domains (10, 11) . It is also possible that conformational changes of the P domain around Asp 351 during E2P hydrolysis may directly affect the arrangements in the transmembrane helices.
In summary, the stable complexes of Ca 2ϩ -ATPase BeF⅐E2, AlF⅐E2, and MgF⅐E2, with their distinct structural features in both catalytic and transport sites, will likely provide the distinct snapshots for E2P and its hydrolysis process to reveal structural events critical for Ca 2ϩ release and proper handling of cytoplasmic and lumenal Ca 2ϩ .
